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We present results of a Monte Carlo simulation of the recombination of positive methane ions
and negative sulfur hexafluoride ions in an electric discharge at atmospheric pressure. The results
of the simulation are directly compared with recent experimental measurements of the ion-ion
recombination rate in discharges through gas mixtures of methane and sulfur hexafluoride.

Although the theory of ion-ion recombination has a
'
comparison between theoretical and exlong history,
perimental results has been hampered by a lack of experimental data. This has been particularly true for measurements of the ion-ion recombination rate in discharge plasmas with an applied electric field. However, a recent experimental study of the recombination of ions in gas
discharges in mixtures of methane and sulfur hexafluoride makes such a comparison possible.
In an electric discharge in a pure gas it is expected that
the rate of recombination of the ions would depend on
both the gas pressure and the applied electric field. In
the case of recombination in discharges through gas mixtures, it is also to be expected that the recombination rate
will depend on the relative proportions of the components making up the gas mixture. Cornell and Littlewood have shown empirically that the dependence of the
recombination rate on each of these parameters can be
described by a single parameter, an effective ion temperature, defined by
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In Eq. (1) T is the ambient gas temperature, rn+ are the
ion masses, and u+ are the ion drift velocities given by
u+

=E+E,

in which K+ are the ion mobilities, and E is the applied
field. In terms of the effective ion temperature,
the
recombination rate was found to follow an empirical
power law

y=yp(T/Tp)
over a wide range of discharge conditions. Only one pair
of parameters, yo and n, were needed to fit the measured
rates for all pressures and compositions studied. We have
used the Monte Carlo method to calculate the recombination rate for these ions in gas discharges under conditions corresponding to those used in the experimental
study.
The Monte Carlo method has been described in detail
elsewhere.
We have used the same model for our calculations, with modifications to simulate the recombination of ions in a mixture of gases, and with an applied
electric field.
For a given set of discharge conditions (gas pressure,
41

gas composition, and applied field strength) the trajectories of a large number of ion pairs were followed from
an initial separation ro, chosen to be larger than the mean
interion distance, but large enough that the distribution
of ionic velocities is close to Maxwellian. For each ion
pair the initial velocities at separation ro are selected
from the Maxwellian distribution using three computer
generated random numbers.
As the ions approach each other and then separate
they suffer elastic collisions with gas neutrals. A fourth
random number, selected from an exponential distribution, is used to determine the time of each collision between an ion and a neutral, such that the mean time between collisions is ~. For each collision, in the center-ofmass frame of the colliding ion and neutral, the speed of
the ion is unchanged, although the ion may be scattered
into a different direction. The direction of the scattered
ion was determined from random numbers, chosen such
that the scattering cross section was isotropic. It is then
a simple procedure to determine the scattered velocity of
the ion in the laboratory frame.
Since the recombination is being simulated in a gas
mixture containing both methane and sulfur hexafluoride
molecules, it is necessary, for each collision, to determine
with which of these two molecules the ion has collided.
For each species a mean time between collisions is determined from

r,

'=v, =

2meN;

(4srepa, )'

in which N, and a, are the number density and polarizability of species i. The overall collision time is then given
by

The probability

of colliding with species

1

(tnethane)

is

then given by

I' t, =~/w) .

(6)

If the next random number generated by the computer
was less than I'&, the ion was taken to have collided with
a methane molecule (species 1), otherwise the ion was assumed to have collided with a sulfur hexafluoride molecule.
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After each collision with a neutral molecule the energy
If the energy dropped
below a preselected critical energy the ions were assumed
to have recombined and the simulation for that ion pair
Otherwise, the trajectories of the ions
was terminated.
were followed through subsequent collisions with neutral
molecules. After each collision the ion energies were
again compared with the critical energy to test for recombination. If the ions again separated to a radius rp, the
ions were taken to have not recombined, and the simulation for that ion pair was terminated. After a large number of ion pairs had been simulated, the recombination
probability was defined as the ratio of the number of ion
pairs recombining to the total number of ions in the
simulation. The probability was found to be insensitive
to the value chosen for the critical energy, providing the
critical energy was less than —5kT'.
Once the recombination probability is known it is a
rate.
simple procedure to calculate the recombination
The rate is given by
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of the ion pair was calculated.

y=mro(v )Pnv/n„.
In Eq. (7) P is the recombination probability, no is the ion
density at ro, r is the macroscopic ion density, and ( v )
is the mean velocity of the ions. Since the applied electric
field gives the ions a directed motion toward each other,
the mean velocity is given by

„

( )

1/2

gkT+

(8)

1TP

p is the reduced mass of the ions and the drift
velocity toward each other, Ud, is given by
in which

vd

=(K+ +K )E .

(9)

The ratio of the ion densities, np/n„, was calculated
from diffusion theory.
The predicted recombination rates are shown in Fig. 1
as a function of the applied electric field and gas composition at a total pressure of 250 Torr. Similar results were
obtained for a gas pressure of 500 Torr, except the results
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at the higher pressure were consistently 10—15 % higher
than those at the lower pressure. At low to moderate
rate is high,
field strengths, where the recombination
good statistical accuracy can be obtained with 2500 ion
pairs in each computer run. At the highest field
strengths, for which the rate has fallen by two orders of
magnitude, maintaining the statistical accuracy required
an increase in the number of ion pairs in each simulation,
eventually leading to a prohibitive increase in computer
time. Results are shown for three gas mixtures containing 50%, 80%, and 95% methane, respectively. Comparison of the predicted rates with the published experimental results for the same gas mixtures shows good agreement.
Figure 2 shows the same predicted rates, this time plotThe
ted as a function of the effective ion temperature.
observed dependence of the rate on the concentration of
methane, which was evident in Fig. 1, has been removed
by using T' as the abscissa. As a function of the effective
ion temperature,
the predicted rate follows the same
power law as that observed experimentally
by Cornell
and Littlewood. At the highest field strengths the data
do show a decrease in the slope of the curve. However,
as already noted, the statistical accuracy of the results at
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FIG. 2. Recombination rates in a gas discharge as a function
of the effective ion temperature of the ions.
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FIG. 1. Calculated rates for the recombination of methane
and sulfur hexafluoride ions in a gas discharge as a function of
the applied field strength.
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FIG. 3. Comparison of the measured and predicted rates of
the recombination of ions in a mixture containing 95% methane
and 5 /o sulfur hexafluoride.
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the high field strengths could only have been maintained
by prohibitively large increases in computer time, and the
data in this regime may not be reliable.
The experimental data and results of the Monte Carlo
simulation are directly compared in Fig. 3. For clarity,
results for a single gas composition (95%%uo methane) have
been included in the figure. However, when plotted
against the effective ion temperature, there is no dependence of either the experimental recombination rate or
the Monte Carlo predictions on the percentage of

methane in the gas mixture. Hence a similar agreement
between experiment and theory can be obtained for the
other gas mixtures.
Cornell and Littlewood introduced the effective ion
temperature as an appropriate empirical parameter for
displaying the measured recombination rates. The agreement between the predicted and experimental
results
shows that the effective ion temperature can also be a
useful parameter for numerical simulation of the recombination of ions in a gas discharge.
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